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Abstract - The dipole blockade effect at laser excitation of mesoscopic ensembles of Rydberg atoms lies 
in the fact that the excitation of one atom to a Rydberg state blocks the excitation of other atoms due to 
the shift in the collective energy levels of interacting Rydberg atoms. It is used to obtain the entangled 
qubit states based on single neutral atoms in optical traps. In this paper, we present our experimental 
results on the observation of the dipole blockade for mesoscopic ensembles of 1–5 atoms when they are 
detected by the selective field ionization method. We investigated the spectra of the three-photon laser 
excitation 2/32/12/32/1 655 nPSPS   of cold Rb Rydberg atoms in a magneto-optical trap. We 
have found that for mesoscopic ensembles this method allows only a partial dipole blockage to be 
observed. This is most likely related to the presence of parasitic electric fields reducing the interaction 
energy of Rydberg atoms, the decrease in the probability of detecting high states, and the strong angular 
dependence of the interaction energy of Rydberg atoms in a single interaction volume. 
 
PACS: 32.80.Rm, 32.70.Jz, 32.80.Qk, 32.80.Pj 
 
 
1. INTRODUCTION 
 
Atoms in highly-excited Rydberg states with a principal quantum number 1n  are the 
subject of intensive studies at present. Since the orbit radius of a Rydberg electron grows as n
2
 
with increasing n, the dipole moments of Rydberg atoms also grow as n
2
, and they interact with 
one another much more strongly than do atoms in the ground state [1]. This property of Rydberg 
atoms is used to realize quantum computers and simulators with qubits based on single neutral 
atoms of alkali metals in optical dipole traps [2–4]. Short-term laser excitation of atoms to 
Rydberg states allows the interactions between qubits to be switched on and off, which is needed 
to perform quantum gates or quantum simulations [5]. 
One of the main methods for performing quantum gates is to use the change in the 
collective excitation probability of an ensemble of interacting Rydberg atoms (dipole blockade 
effect). Its essence is that in the presence of interaction the excitation of one Rydberg atom in a 
small volume shifts the resonance frequencies and blocks the excitation of other atoms; 
therefore, only one Rydberg atom can be excited from the entire mesoscopic ensemble. The 
dipole blockade was first predicted in [6] and then observed in various experiments. It was used 
to obtain the entangled qubit states based on single neutral atoms in optical traps [7]. 
Large ensembles N=10
3
-10
5
 of cold Rb or Cs atoms in magneto-optical traps were used in 
the first experiments to demonstrate the signatures of dipole blockage [8–13]. Rydberg atoms 
were detected by the selective field ionization (SFI) method with the detection of ions by 
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electron multipliers based on microchannel plates. In this method atoms are ionized with a 
probability of 1 as soon as the electric field reaches a critical value 
 
 V/cm/102.3
48
effcr nE  ,      (1) 
 
where Leff nn  , and L  is the quantum defect of the Rydberg state that depends on its 
orbital angular moment L [1]. The SFI method is characterized by a high speed (microseconds) 
and a high detection efficiency (more than 50%). However, no complete dipole blockade, when 
only one atom is excited from the entire large ensemble, was observed in such experiments. 
Instead, a decrease in the excitation probability of high Rydberg states ( 80n ) by 30–50%, 
which should be described by the scaling dependence 
3
effn  for noninteracting atoms, was 
recorded. No experiments with small mesoscopic ensembles (N=1-10 атомов) were performed, 
because the microchannel plate multipliers were used in the analog regime and had no resolution 
in the number of atoms. 
The succeeding experiments to observe the dipole blockade were aimed at implementing 
two-qubit gates and, therefore, were conducted with two atoms in neighboring microscopic 
optical dipole traps 1–3 μm in diameter and with a distance between them of 5–10 μm [14, 15]. 
Since the individual detection of each of the atoms was required, the SFI method in such 
experiments was inapplicable, because all Rydberg atoms are ionized in it if a uniform electric 
field is applied. Instead, the much slower optical method was used. In this method single 
Rydberg atoms were detected by the fluorescence of atoms in the first excited state when they 
were illuminated by laser radiation resonant to the transition from the ground state. If an atom 
did not fluoresce, then this implied that it was in a Rydberg state. To detect the fluorescence of 
single atoms, it was necessary to use highly sensitive photon counters based on avalanche 
photodiodes or low-noise cooled CCD cameras with amplifiers; in this case, the minimum 
detection time was no less than 1 ms, which is longer than the SFI detection time by three orders 
of magnitude. 
Subsequently, both SFI [16, 17] and optical [18–24] methods were applied to study the 
dipole blockade. The experiments to observe sub-Poissonian statistics [10, 16] and spatial 
correlations [17] under laser excitation of large ensembles of Rydberg atoms under dipole 
blockade conditions were performed using the SFI method. Single-atom collective excitations 
due to the dipole blockade not only for two atoms in optical traps [18–22], but also for large 
ensembles of hundreds of atoms in an optical trap or lattice [23, 24] were observed using the 
optical method. 
Whether a complete dipole blockade can be observed by the SFI method in small 
mesoscopic ensembles of atoms still remains an open question. Previously we have developed an 
original technique for detecting such ensembles of Rydberg atoms (N = 1–5) by the SFI method 
when using a VEU-6 channel electron multiplier [25]. It was found that the channel multiplier 
allowed one to distinguish the number of detected atoms and to sort the measured signals by the 
number of atoms after each laser pulse. Based on this technique, we performed a number of 
experiments to observe the electrically controlled resonant dipole-dipole interaction in 
mesoscopic ensembles of Rydberg atoms [26–29].  
By now we have created a narrow-band laser excitation system to realize the dipole 
blockade and demonstrated the possibility of obtaining narrow (less than 2 MHz in width) three-
photon multiatom resonances for the Rydberg state 2/337P  [30]. This state has a weak interaction 
(less than 1 MHz at a distance between atoms of ~10 μm) and is unsuitable for observing the 
dipole blockade. Therefore, in [31] we performed a theoretical analysis of the multiatom 
excitation signals and showed that the dipole blockade could be observed in principle for high 
Rydberg states with n ≈ 120, which should manifest itself as a change in both the amplitudes of 
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multiatom three-photon resonances and the detection statistics of multiatom signals by the VEU-
6 multiplier.  
In this paper we present our experimental results on the observation of the dipole blockade 
for mesoscopic ensembles of N = 1–5 atoms in a single trap when they are detected by the SFI 
method. We investigated the multiatom spectra of the three-photon laser excitation 
2/32/12/32/1 655 nPSPS   of cold Rb Rydberg atoms localized in a small excitation 
volume (~20 μm in size) in a magneto-optical trap. The signal post-selection by the number of 
detected atoms N = 1–5 was made using an original technique. It was expected that only one 
atom could be excited to a Rydberg state from the entire mesoscopic ensemble under a complete 
dipole blockage. Therefore, the dipole blockage should lead to a radical change in the multiatom 
spectra: the amplitude of the single-atom spectrum with N = 1 should increase, while all the 
remaining multiatom resonances should disappear. If they do not disappear completely, then this 
may suggest an incomplete dipole blockade, while a change in the ratio of the multiatom 
resonance amplitudes should allow the degree of completeness of the dipole blockade to be 
determined under specific experimental conditions. We also investigated the change in the 
detection statistics of multiatom signals by the VEU-6 multiplier under the dipole blockade. 
 
 
2. DIPOLE BLOCKADE EFFECT AT LASER EXCITATION OF MESOSCOPIC 
ENSEMBLES OF RYDBERG ATOMS 
 
The dipole blockade effect at the excitation of a mesoscopic ensemble of neutral atoms to 
Rydberg states by narrow-band continuous-wave laser radiation is as follows. After the 
excitation of one Rydberg atom by a laser pulse, the long-range interactions shift the Rydberg 
level degenerate with it in energy in the neighboring atoms by W  dependent on the interaction 
energy. If the laser excitation line width   is much less than W , then after the excitation of 
one atom to a Rydberg state, it will be impossible to excite the remaining atoms interacting with 
it [6]. 
It is most convenient to consider the interaction of atoms in Rydberg states under the 
conditions of Förster resonances, which we investigated previously [26–29]. Such resonances 
emerge, for example, when the Rydberg level 2 excited by laser radiation from the ground state 0 
lies midway between the two adjacent levels 1 and 3 of opposite parity (Fig. 1a). The Förster 
resonances 2/12/12/32/3 )1( SnnSnPnP   in Rb Rydberg atoms can serve as an example 
[26]. In the absence of an electric field, they have small energy defects 
)(2)]1([)( 2/32/12/1 nPWSnWnSW  , which depend on n. Here, )( JnLW  denote the 
energies of Rydberg states in units of frequency. For 38n  the energy defect can be made equal 
to zero due to the Stark effect in a dc electric field, while for higher states a combination of dc 
and radio-frequency fields should be used [27, 28]. At 0  a resonant dipole-dipole interaction 
with an energy dependent on the distance as 3R  arises between the atoms, while for large   
there is a weaker van der Waals interaction proportional to 6R . Thus, the character of 
interaction between Rydberg atoms can be changed significantly using an electric field and 
Förster resonances. For high states the exact Förster resonances cannot be tuned by an electric 
field (see Fig. 2 below). In this case, the interaction can also be described by the Förster 
resonance, but with a nonzero energy defect  . It turns out to be more advantageous to use these 
states to observe the dipole blockade due to the large dipole moments. 
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Fig. 1. (a) Scheme for the laser excitation of a single Rydberg Rb(nP) atom and the states 
involved in the Förster resonance 2/12/12/32/3 )1( SnnSnPnP  . (b) Scheme for the 
transitions between the collective states of two atoms. Resonant laser radiation causes the 
transitions between the states   2220,0200  , while the state 22  is coupled by 
the dipole-dipole interaction with the states 13,31 , which causes the transitions 
13,3122  . As a result of the interaction, the state 22  is shifted in energy, which 
leads to the dipole blockade effect. 
 
To describe the dipole blockade effect under laser excitation of interacting Rydberg atoms, 
it is necessary to consider the transitions between various collective states of two atoms 
(Fig. 1b). Resonant laser radiation causes the transitions between the states 
  2220,0200  , while the state 22  is coupled by the dipole-dipole interaction 
operator with the states 13,31 , which causes the transitions 13,3122  . As a result of 
the interaction, the state 22  is shifted in energy, which leads to the dipole blockade effect. The 
parameters of this problem are Rabi frequency   and the frequency detuning   at the optical 
transition 20  in an individual atom, the matrix element of the resonant dipole-dipole 
interaction operator V  at the transitions 13,3122  , and the Förster resonance energy 
defect  . 
For two Rydberg atoms in the initial state nP3/2(|M|=1/2) the matrix element of the dipole-
dipole interaction operator is given by the expression 
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where 1d  and 2d  are the z components of the dipole moment matrix elements of the transitions 
   2/1M2/1M J2/1J2/3  nSnP  and    2/1M)1(2/1M J2/1J2/3  SnnP , Z is 
the z component of the vector R  connecting the two atoms (the z axis is chosen along the control 
electric field), and 0 is the dielectric constant. Here, for simplicity, we take into account only the 
transitions without any change in the moment projection МJ, because otherwise it is necessary to 
also take into account the structure of the magnetic sublevels, which will complicate the problem 
dramatically. As was discussed in our paper [31], the energy shift 22W  of the collective state 
22  at the Förster resonance is described by the following approximate expression: 
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Here, the sign is taken to be positive if the state 22  lies above the states 13,31  and vice 
versa. At 0  the interaction is a resonant dipole-dipole one, and the state 22  splits into two 
sublevels with energies 33 /2 RCV  , while at large   it becomes a van der Waals one with 
energy 6
6
2 //2 RCV  , where 3C  and 6C  are the interaction constants [32]. 
The interacting atoms can be either spatially localized in separate optical dipole traps with 
a distance R between them of a few micrometers [14, 15, 18–22] or be in a single laser excitation 
volume and have a random arrangement in it with some mean distance between atoms [8–13, 16, 
17, 25–29]. Optical dipole traps are produced by tightly focusing nonresonant laser radiation [2]. 
The dipole blockade effect is usually observed for two atoms in neighboring traps with a distance 
of 5–10 μm between them. A single volume can be formed at the intersection of the focused laser 
beam exciting Rydberg states, as was done in our experiments [25–29]. The mean distance 
between atoms is then approximately half the excitation volume and is ~10 μm in our case. The 
dipole moments of Rydberg atoms are ~n
2
 atomic units. From Eq. (2) we can then estimate the 
interaction energy and find that at R~10 μm it is necessary to excite the atoms to sufficiently 
high Rydberg states 80n  to achieve dipole blockade in our experiments. 
Note that, according to Eq. (2), the dipole-dipole interaction energy has a strong angular 
dependence and becomes zero at a certain angle between the quantization axis and vector R. 
Therefore, observing the dipole blockade for atoms with a random arrangement in the laser 
excitation volume requires a stronger interaction than that in the case of atoms in neighboring 
optical dipole traps for the probability of zero interaction energy to be low when averaging over 
the atomic positions. This, in turn, requires a closer arrangement of atoms or using higher 
Rydberg states, which is not always realizable in experiments. That is why only a partial dipole 
blockade was achieved in [8–13, 16, 17] for large atomic ensembles in a single volume, because 
the interaction energy was not enough to block the multiatom excitations in the entire volume. 
To experimentally observe the dipole blockade effect when detecting atoms by the SFI 
method in a single volume, it is necessary to analyze the change in detection statistics and laser 
excitation spectra SN for a certain number N of Rydberg atoms when passing from low ( 40n ) 
to high ( 80n ) Rydberg states by comparing them with the theoretical calculations for non-
interacting atoms. Under a complete dipole blockade only one atom can be excited to a Rydberg 
state from the entire mesoscopic ensemble. Therefore, the dipole blockade should lead to a 
radical change in the multiatom spectra: only the single-atom spectrum S1 should be observed, 
while all the remaining multiatom resonances should disappear. If they do not disappear 
completely, then this will suggest an incomplete dipole blockade, while a change in the ratio of 
the multiatom resonance amplitudes should allow the degree of completeness of the dipole 
blockade to be determined under specific experimental conditions. 
Therefore, to perform our experiments, we chose the Rydberg nP3/2 levels of Rb atoms 
with the principal quantum numbers n = 39, 81, and 110. Their Stark maps calculated by the 
method from [33] are presented in Fig. 2 on the left. It can be seen on these maps that the 
Rydberg S, P, and D states have large quantum defects and experience a quadratic Stark effect, 
in contrast to the hydrogen-like sets of levels with large orbital angular momenta that experience 
a linear Stark effect due to the energy degeneracy. The calculated Stark diagrams of the 
collective Rydberg states involved in the Förster resonances 2/12/12/32/3 )1( SnnSnPnP   
for the sublevels with moment projection |MJ|=1/2 are presented in Fig. 2 on the right. The 
intersection of the collective states corresponds to the Förster resonance (resonant dipole-dipole 
interaction) and takes place only for the states with 38n  due to the peculiar quantum defects 
and polarizabilities of the Rydberg levels of Rb atoms. We investigated such resonances 
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previously [26–29]. The higher states in a dc electric field do not intersect and experience a van 
der Waals interaction, while the application of a dc field only increases the Förster resonance 
energy defect and weakens the interaction. 
 
 
 
 
Fig. 2. Calculated Stark maps of the Rydberg levels of Rb atoms near the nP3/2 states with n 
= 39 (a), 81 (b), and 110 (c) for the sublevels with moment projection |MJ|=1/2. The Rydberg 
S, P, and D states have large quantum defects and experience a quadratic Stark effect. The 
Stark diagrams of the collective Rydberg states involved in the Förster resonances 
2/12/12/32/3 )1( SnnSnPnP   for the sublevels with moment projection |MJ|=1/2 are 
presented on panels (d–f). The intersection of the collective states corresponds to the Förster 
resonance (resonant dipole-dipole interaction) and takes place only for the states with 
38n . The higher states in a dc electric field do not intersect and experience a van der 
Waals interaction. 
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3. EXPERIMENTAL SETUP 
 
The experiments are performed with cold 
85
Rb atoms captured into a magneto-optical trap 
(MOT), which is shown in Fig. 3a [3, 30]. The atoms are cooled by three orthogonal pairs of 
light waves with a wavelength of 780 nm. The cooling and repumping lasers are tuned to the 
closed transition )4(5)3(5 2/32/1  FPFS  and the transition )3(5)2(5 2/32/1  FPFS , 
respectively. A cloud of ~10
6
 cold atoms 0.5–1 mm in size with a temperature of 100–200 μK is 
formed at the trap center. 
The cold Rb atoms are excited to Rydberg states nP (n = 30–120) according to the three-
step scheme 2/32/12/32/1 37655 PSPS   (Fig. 3b). The first step, 
5 )4(5)3(5 2/32/1  FPFS , is excited by a Toptica DL PRO external-cavity diode laser with 
a wavelength of 780 nm operating in the continuous-wave mode with an output power up to 
50 mW. The laser has a built-in Faraday isolator and an optical fiber output. The laser frequency 
is stabilized by the Pound-Drever-Hall technique based on the saturated-absorption resonance in 
a cell with vapors of Rb atoms. The measured laser line width is  )2/(1  0.3 MHz. The output 
laser radiation is transmitted through an acousto-optic modulator (AOM), which produces pulses 
of arbitrary duration with the edges of ~100 ns and provides a “blue” detuning  )2/(1  
+80 MHz from the exact atomic resonance lest the intermediate 5P3/2 level be populated. 
In the second step, )3(6)4(5 2/12/3  FSFP , we use the radiation with a wavelength 
of 1367 nm from a Sacher TEC150 continuous-wave single-frequency external-cavity diode 
laser with a built-in Faraday isolator, an optical fiber output, and an output power up to 30 mW. 
The laser frequency is stabilized by the Pound-Drever-Hall technique based on the resonance of 
a highly stable optical Fabry-Perot interferometer by Stable Laser Systems ATF. The measured 
laser line width is  )2/(2  0.3 MHz. The output laser radiation is transmitted through an 
electro-optic modulator with a modulation depth of 20 dB, which produces pulses of arbitrary 
duration with the edges of ~10 ns. The laser radiation frequency also has a blue detuning 
 )2/(2 +82 MHz from the exact atomic resonance lest the intermediate 6S1/2 level be 
populated.  
In the third step, the Rydberg nP states are excited from the state )3(6 2/1 FS  by the 
radiation from a Tekhnoscan TIS-SF-07 continuous-wave titanium-sapphire ring laser with an 
output power up to 500 mW. When the laser is tuned in the wavelength range 738–745 nm, the 
fine-structure sublevels 2/3,2/1J  of the Rydberg nP states with principal quantum numbers 
n = 30–120 can be excited selectively. The laser frequency is stabilized by the Pound-Drever-
Hall technique based on the resonance of the same highly stable optical Fabry-Perot 
interferometer Stable Laser Systems ATF. The measured laser line width is  )2/(3  
0.01 MHz. An AOM for operation in the pulsed mode with the edges of ~100 ns is installed at 
the laser output. 
The radiations from the second- and third-step lasers are fed to MOT through single-mode 
optical fibers. At the exit from the optical fibers they are collimated and then focused on the 
cloud of cold atoms in the geometry of beams crossed at a right angle (Fig. 3a) with a waist 
diameter of ~10 μm for the 743-nm radiation and ~20 μm for the 1367-nm radiation. An 
effective excitation volume of Rydberg atoms with a size of ~20 μm, depending on the relative 
positions of the waists and the presence or absence of transition saturation, is formed in the 
region where the focused beams intersect. The first-step laser radiation (780 nm) is not focused, 
has a beam diameter of 1 mm, and is directed to the cloud of cold atoms at an angle of 45° 
toward the remaining beams. Rydberg atoms are excited by laser pulses with a repetition rate of 
5 kHz. 
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Fig. 3. (a) Scheme of the experiment with cold Rydberg 
85
Rb atoms in MOT. Rydberg atoms 
are excited in a small volume of the cloud of cold atoms and are detected by the SFI method. 
(b) Scheme of the coherent three-photon laser excitation nPSPS  2/12/32/1 655  of 
Rydberg Rb atoms with a detuning from the intermediate resonances. (c) Time diagram of the 
laser and electric pulses. (d) Histogram of the output pulses of the secondary VEU-6 electron 
multiplier that detects the electrons produced by SFI. The individual peaks corresponding to 
N = 1–5 detected Rydberg atoms are observed. 
 
The Rydberg atoms are excited in the space between two plates of stainless steel producing 
a uniform electric field (Fig. 3a). The electric field is used for Stark spectroscopy and the 
detection of Rydberg atoms by the SFI method. The atoms are detected with a repetition rate of 
5 kHz when an ionizing electric field sweep pulse with a rise time of 2–3 μm is switched on. The 
electrons produced by ionization are accelerated by the electric field, fly through the metal grid 
of the upper plate, and are directed into the input mouth of the VEU-6 channel electron 
multiplier by the deflecting electrode. The pulsed signals from its output are processed by a high-
speed ADC, a strobe integrator, and a computer. The number of electrons detected per laser 
pulse is determined by the number of Rydberg atoms in the excitation region and the total 
electron detection efficiency [25]. In our experiments the detection efficiency reaches 70% 
[27, 28]. 
A time diagram of the signals in the detection system is presented in Fig. 3c. An ionizing 
electric field sweep with a rise time of about 2 μs was switched on after each laser pulse exciting 
some of the cold atoms to a Rydberg nP state. Depending on the state of a Rydberg atom, its 
ionization occurred at different instants of time after the laser pulse, according to Eq. (1). Then, 
the pulsed ionization signal was recorded at the VEU-6 output using a strobe pulse 
corresponding to the ionization of the nP state in time. Figure 3d shows a histogram of the 
amplitudes of VEU-6 output pulses. Several peaks corresponding to different numbers of 
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detected Rydberg atoms, N = 1–5, can be seen on this histogram. The integrated amplitude (area) 
of each of the peaks is described by a Poisson distribution and depends on the mean number of 
detected atoms per laser pulse. For Fig. 3d this quantity is 2.2 atoms per pulse; the single-atom 
and two-atom excitation probabilities are approximately equal, but the single-atom peak is 
narrower and higher. 
After each laser pulse, the data acquisition system measured the VEU-6 output pulse 
amplitude, then determined the number of detected atoms from the premeasured histogram 
(Fig. 3d), and sorted the signals by the number of atoms N and calculated the three-photon laser 
excitation probability of a Rydberg state after the accumulation of data in 10
3
-10
4
 laser pulses. 
The number of atoms was determined in accordance with the interval of VEU-6 output pulse 
voltages into which a specific measured signal fell: for example, 200-600 mV for one atom, 600-
1000 mV for two atoms, 1000-1400 mV for three atoms, etc. The corresponding signal 
thresholds are indicated in Fig. 3d by the vertical dashed lines.  
Our experiments on three-photon excitation spectroscopy were performed in MOT 
switched off in advance for a short time. For this purpose, acousto-optic modulators were 
installed on all the cooling laser beams, which switched them off for 20 μs, and were switched 
on again after the measurement. The MOT gradient magnetic field was not switched off during 
our measurements, but its influence was minimized by adjusting the position of the excitation 
volume to the point of zero magnetic field, which was controlled by the absence of Zeeman 
splitting of the microwave transition 37P3/237S1/2 at 80 GHz by our method from Ref. [34]. 
This allowed us to have a high laser pulse repetition frequency (5 kHz) and to trace the change in 
the signals from Rydberg atoms in real time on the oscilloscope screen and in the computer-
based data acquisition system. 
 
 
4. THREE-PHOTON LASER EXCITATION SPECTRA OF MESOSCOPIC 
ENSEMBLES OF RYDBERG ATOMS 
 
The three-photon laser excitation spectra for the Rydberg states 2/339P , 2/381P , and 
2/3110P  were recorded by slowly scanning the radiation frequency of the third-step laser 
(titanium-sapphire laser). For this purpose, we tuned the frequency of the digital synthesizer 
controlling the electro-optic modulator in the laser frequency stabilization system based on the 
highly stable reference Fabry-Perot interferometer (one of the side frequencies of the laser 
radiation transmitted through the modulator was locked to the interferometer, which made it 
possible to tune the frequency of the main radiation in the regime of frequency stabilization). 
Our records are presented in Fig. 4. Column S is the signal corresponding to the mean number of 
detected Rydberg atoms per laser pulse. Columns S1-S5 are the excitation spectra for mesoscopic 
ensembles with a certain number of Rydberg atoms, N = 1‒5. Their sum gives the total measured 
signal S. The dipole blockade for the high Rydberg states should reduce the resonance 
amplitudes for N = 2–5 and increase the resonance amplitude for N = 1, which requires their 
comparison with the theoretical calculations. 
Subsequently, we analyzed the laser excitation spectra of the Rydberg states 2/339P , 
2/381P , and 2/3110P  for the presence of dipole blockade signatures in them. The low Rydberg 
state 2/339P  has a Förster resonance energy defect of 74.3 MHz in zero electric field (see 
Fig. 2d) and the calculated matrix element of the dipole-dipole interaction operator 
V(39P) ≈ 0.46 MHz for the mean distance between atoms R = 10 μm. Hence from Eq. (3) we 
obtain an estimate for the energy shift of the collective state 22 : 22W  ≈ 6 kHz, which is 
negligible compared to the width of the laser excitation spectrum for this state,  2.3 MHz 
(Fig. 4a). Therefore, no dipole blockade effect is expected for this state, while its multiatom 
spectra can be used as reference ones for non-interacting atoms and can be compared with the 
spectra for the high states. 
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Fig. 4. Experimental records of the three-photon laser excitation spectra for the Rydberg 
states 2/339P  (a), 2/381P  (b), and 2/3110P  (c). Column S is the signal corresponding to the 
mean number of detected Rydberg atoms per laser pulse. Columns S1-S5 are the excitation 
spectra for mesoscopic ensembles with a certain number of Rydberg atoms, N = 1‒5. Their 
sum gives the total measured signal S. The dipole blockade for the high Rydberg states 
should reduce the resonance amplitudes for N = 2–5 and increase the resonance amplitude 
for N = 1, which requires their comparison with the theoretical calculations. 
 
 
The high Rydberg state 2/381P  has a Förster resonance energy defect of 156.6 MHz (see 
Fig. 2e) and the calculated matrix element of the dipole-dipole interaction operator V(81P) ≈ 
10 MHz for the mean distance between atoms R = 10 μm. Hence from Eq. (3) we obtain an 
estimate for the energy shift of the collective state 22 : 22W  ≈ 1.3 MHz, which is already 
comparable to the width of the laser excitation spectrum for this state,  1.7 MHz (Fig. 4b). 
Therefore, for this state one might expect a partial dipole blockade. 
Finally, the even higher Rydberg state 2/3110P  has a Förster resonance energy defect of 
74.6 MHz (see Fig. 2f) and the calculated matrix element of the dipole-dipole interaction 
operator V(110P) ≈ 35 MHz for the mean distance between atoms R = 10 μm. Hence from 
Eq. (3) we obtain an estimate for the energy shift of the collective state 22 : 22W  ≈ 25 MHz, 
which exceeds considerably the width of the laser excitation spectrum for this state, 
 2.8 MHz (Fig. 4c). However, this state has a very high polarizability in a dc electric field 
and intersects with the hydrogen-like set of Rydberg states n = 107 already in a 80 mV cm
–1
 
field, while the neighboring S states involved in the Förster resonance intersect with different 
levels already in a 30 mV cm
–1
 field (see Fig. 2c). Meanwhile, there is always an uncontrollable 
parasitic electric field in the experiments (for example, from the Rb atoms that settled on the 
electric plates of the detection system and from the VEU-6 multiplier with a supply voltage of 3–
4 kV). The previously conducted experiments on microwave spectroscopy have shown that there 
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is a parasitic electric field of ~50 mV cm
–1
 in our detection system. It can increase the energy 
defect and even destroy the Förster resonance, which, in turn, weakens the dipole blockade. 
Hence, only a partial dipole blockade was also expected for the state 2/3110P , but stronger than 
that for the state 2/381P  . 
Yet another problem is the decrease in the probability of detecting atoms in high Rydberg 
states by the SFI method. According to Eq. (1), the critical electric fields for SFI are 8.5 V cm
–1
 
for the state 2/381P  and 2.4 V cm
–1
 for the state 2/3110P , while for the low state 2/339P  this field 
is 183 V cm
–1
. Since the electron detached from an atom reaches VEU-6 in a time of 10–100 ns, 
which is much shorter than the rise time of the ionizing pulse, the electron energy is virtually 
equal to the energy gained in the ionizing field. The detection probability measured by us 
previously for the low states with n = 36 and 37 from the ratios of the single-atom and two-atom 
signals at Förster resonances was 70% [27, 28]. We did not make such measurements for high 
Rydberg states, because there are no Förster resonances for them in a dc electric field (see 
Fig. 2). However, it is known from the published data that the maximum electron detection 
efficiency of VEU-6 corresponds to energies of 100–300 eV; it decreases approximately by a 
factor of 1.5 and 2.3 at electron energies of 10 and 2 eV, respectively [35]. In addition, since the 
MOT gradient magnetic field in our experiment is not switched off, the low-energy electrons fly 
to VEU-6 in a more complex trajectory, which can lead to a further decrease in the detection 
efficiency. Therefore, for high Rydberg states, particularly for the state 2/3110P , one would 
expect that the influence of the dipole blockade effect on the multiatom excitation spectra can be 
weakened by the lower probability of detecting Rydberg atoms by the SFI method. 
The spectra SN for the state 2/339P  (see Fig. 4a) were taken as reference multiatom spectra 
for non-interacting atoms (without any dipole blockade). It can be seen even from a direct 
comparison of these spectra with those for the states 2/381P  (see Fig. 4b) and 2/3110P  (see 
Fig. 4c) that the multiatom resonance amplitudes S3-S5 for the high states are significantly 
reduced compared to the resonance amplitude for the 2/339P  state. This is the first signature of a 
partial dipole blockade for the high states. 
 
 
5. DIPOLE BLOCKADE IN THE THREE-PHOTON LASER EXCITATION SPECTRA 
AND STATISTICS FOR MESOSCOPIC ENSEMBLES OF RYDBERG ATOMS 
 
To obtain quantitative information about the dipole blockade, we should consider the laser 
excitation and detection statistics of non-interacting atoms and compare it with the statistics 
measured for high states. For this purpose, we will use the theory of laser excitation and 
detection statistics of non-interacting atoms developed by us previously [30]. Let we have a 
mesoscopic ensemble of N0 ground-state Rb atoms in the excitation volume before the beginning 
of a laser pulse. There is a nonzero probability of exciting each of the atoms to a Rydberg state in 
the laser pulse time, 10  p , with the probability p depending on the three-photon detuning 
and being the excitation spectrum of a single atom. The mean number of Rydberg atoms excited 
per laser pulse is then 
 
0Npn  .      (4) 
 
The statistics of Rydberg atoms excited per laser pulse depends on p. Under weak excitation 
( 1p ) we can apply the Poisson distribution 
weak
NP  for the probability to find N Rydberg 
atoms after an individual laser pulse: 
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However, in the general case, including strong coherent excitation with Rabi oscillations, a more 
complex normal distribution should be applied: 
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which is valid for any p and N0. Such a statistical distribution would be observed for an ideal 
detector of Rydberg atoms with the detection probability T = 1. 
For real detectors the detection probability is always less than 1. Taking the convolution of 
the probability of exciting and detecting a certain number of atoms, it can be shown that, given 
the finite detection probability, we will have the following distributions for the probability to 
detect N Rydberg atoms: 
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Thus, the mean number of Rydberg atoms detected per laser pulse decreases to Tn . This value 
is measured experimentally when averaged over a large number of laser pulses. For example, the 
amplitudes of the peaks on the histogram in Fig. 3d are proportional to 
weak
NP . Therefore, the 
ratio between the integrated single-atom and two-atom peaks is 2// 12 TnPP
weakweak  , and our 
measurement for this histogram gives 2,2Tn . 
Under strong laser excitation the total signal measured as the mean number of atoms 
detected per laser pulse is given by the expression 
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i.e., the total signal S in Fig. 4a for the non-interacting state 2/339P  is actually averaged over a 
different number N of detected atoms. The solution of the inverse problem gives the following 
formula for the multiatom spectra in Fig. 4a: 
 
)!(!
!
1
0
0
00
0
NNN
N
N
S
N
S
NS
NNN
N















    (10) 
 
Thus, for a known number of ground-state atoms N0 the multiatom spectra SN for the non-
interacting state 2/339P  in Fig. 4a should be uniquely determined by the total spectrum S, which 
is simply the mean number of Rydberg atoms detected per laser pulse. 
According to the premeasured data, the cloud of cold Rb atoms in our magneto-optical trap 
0.5–0.7 mm in diameter contains ~106 ground-state atoms. Then, N0 ≈ 50 atoms will be 
contained in the laser excitation volume of Rydberg atoms with a size of ~20 μm. At the same 
time, Eq. (10) ceases to be sensitive to the exact value of N0 already for 10 atoms. Therefore, no 
measurement of the exact number of atoms is required for its comparison with the experiment. 
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Figure 5 compares the experimental records of the multiatom three-photon laser excitation 
spectra SN for the Rydberg states 2/339P , 2/381P , and 2/3110P  with the spectra calculated from 
Eq. (10) for non-interacting atoms at N0 ≈ 50. It can be seen from this figure that for the non-
interacting state 2/339P  there is almost complete agreement between the experiment and theory 
in multiatom resonance amplitudes and shapes irrespective of the number N of detected atoms. 
At the same time, for the high Rydberg states 2/381P  and 2/3110P  the expected partial dipole 
blockade reduces the resonance amplitudes for N = 3–5 and increases them for N = 1, 2.  
 
 
 
Fig. 5. Comparison of the experimental records of the multiatom three-photon laser 
excitation spectra SN for the Rydberg states 2/339P  (a), 2/381P  (b), and 2/3110P  (c) (thick 
green curves) with the spectra calculated from Eq. (10) for non-interacting atoms at N0 ≈ 50 
(thin blue curves). The partial dipole blockade for the high Rydberg states 2/381P  and 
2/3110P  reduces the resonance amplitudes for N = 3–5 and increases them for N = 1, 2. 
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For our quantitative measurements Fig. 6 compares the experimental amplitudes of the 
multiatom three-photon laser excitation spectra SN for the Rydberg states 2/339P , 2/381P , and 
2/3110P  with the amplitudes of the spectra calculated from Eq. (10) for non-interacting atoms at 
N0 ≈ 50. It can also be seen from this figure that for the non-interacting state 2/339P  there is 
almost complete agreement between the experiment and theory in multiatom resonance 
amplitudes irrespective of the number N of detected atoms. 
 
 
 
Fig. 6. Comparison of the experimental amplitudes of the multiatom three-photon laser 
excitation spectra SN for the Rydberg states 2/339P  (a), 2/381P  (b), and 2/3110P  (c) with the 
amplitudes of the spectra calculated from Eq. (10) for non-interacting atoms at N0 ≈ 50. The 
measurement error roughly corresponds to the sizes of the circles representing the 
experimental data points. The partial dipole blockade for the high Rydberg states 2/381P  and 
2/3110P  reduces the resonance amplitudes for N = 3–5 and  increases them for N = 1, 2. 
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For the high Rydberg state 2/381P  the partial dipole blockade increases the single-atom 
signal from the theoretical value for non-interacting atoms, TS1  = 0.37, to the experimental value 
for interacting atoms, ES1  = 0.48, and increases the two-atom signal from 
TS2  = 0.42 to 
ES 2  = 0.5 
(Fig. 6b). At the same time, the three-atom signal decreases from TS3  = 0.24 to 
ES3  = 0.16, the 
four-atom one decreases from TS4  = 0.089 to 
ES 4  = 0.021, and the five-atom one decreases from 
TS5  = 0.024 to 
ES5  = 0.003. If we renormalize these values to identical single-atom signals for a 
proper comparison, then all theoretical values should be multiplied by the normalization factor 
TE SS 11 / = 1.3. Finally, we then find that the partial dipole blockade does not change the 
population of the two-atom collective state, but it reduces the population of the three-atom, four-
atom, and five-atom states by 50 ± 5%, 81 ± 7%, and 90 ± 8%, respectively. 
Similar results are obtained from our analysis of Fig. 6c for the higher Rydberg state 
2/3110P  as well. The partial dipole blockade for it does not change the population of the two-
atom collective state either, but it reduces the population of the three-atom, four-atom, and five-
atom states by 50 ± 5%, 83 ± 7%, and 97 ± 3%, respectively. Thus, for this state the dipole 
blockade has an even greater influence on the four-atom and five-atom signals, with the five-
atom signals being suppressed almost completely. Complete dipole blockade for this state is not 
observed for the reasons discussed above. 
Yet another confirmation of the change in the laser excitation statistics for the high 
Rydberg states 2/381P  and 2/3110P  due to the partial dipole blockade compared to the statistics 
for the non-interacting state 2/339P  is a comparison of the histograms of VEU-6 multiplier 
output pulses for different numbers N of detected Rydberg atoms when tuning to the centers of 
the lines of the laser transitions to these states (Fig. 7). The partial dipole blockade for the high 
states 2/381P  and 2/3110P  reduces the signal amplitudes for N = 3–5 and increases them for N = 
1, 2. One of the methods for the detection of a partial dipole blockade in such histograms is to 
measure the Mandel parameter Q, which should be zero for purely Poissonian statistics (non-
interacting atoms) and less than zero under dipole blockade conditions, as was demonstrated in 
Refs. [10, 16]. However, we did not make such measurements, because the change in the ratio of 
the amplitudes in Fig. 6 already clearly shows sub-Poissonian detection statistics and a partial 
dipole blockade for the high Rydberg states. 
 
 
 
6. CONCLUSIONS 
 
In this paper we presented our experimental results on the observation of the dipole 
blockade for mesoscopic ensembles of N = 1–5 atoms in a single trap detected by the SFI 
method. We investigated the multiatom spectra of the three-photon laser excitation 
2/32/12/32/1 655 nPSPS   of cold Rydberg Rb atoms localized in a small excitation 
volume (~20 μm in size) in a magneto-optical trap. No signatures of the dipole blockade were 
detected for the low Rydberg state 2/339P  at a mean distance between atoms of ~10 μm, while 
for the high states 2/381P  and 2/3110P  a significant decrease in the resonance amplitudes was 
observed for N = 3–5, suggesting that the regime of a partial dipole blockade was reached. At the 
same time, we failed to observe a complete dipole blockade, when only the resonances with N = 
1 remain. This is most likely due to the presence of parasitic electric fields reducing the 
interaction energy of Rydberg atoms, the decrease in the probability of detecting high states by 
the SFI method, and the strong angular dependence of the interaction energy of Rydberg atoms 
in a single interaction volume. 
Based on our results, we may conclude that the optical method is more preferable when the 
dipole blockade is detected for high Rydberg states, despite its considerably lower speed. Our 
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numerical calculations in [31] also showed that to achieve a complete dipole blockade in our 
experiment, it is necessary either to reduce the available laser excitation volume by a factor of 2–
3 (to a size less than 10 μm) or to perform experiments for single atoms in neighboring optical 
dipole traps. The latter will eliminate the angular dependence of the interaction energy of 
Rydberg atoms, which weakens the dipole blockade when averaging over the single interaction 
volume, as in our experiment.  
This work was supported by the Russian Foundation for Basic Research (project no. 19-52-
15010 with regard to the theoretical analysis of Förster resonances and project no. 17-02-00987 
with regard to the applications in quantum informatics), the Russian Science Foundation (project 
no. 18-12-00313 with regard to the dipole blockade theory), the Advanced Research Foundation 
(with regard to the experiment and analysis of its results), and the Novosibirsk State University.  
 
 
Fig. 7. Comparison of the histograms of VEU-6 multiplier output pulses for different 
numbers N of detected Rydberg atoms when tuning to the centers of the lines of the laser 
transitions to the non-interacting state 2/339P  and the interacting states 2/381P  (a) and 
2/3110P  (b). The partial dipole blockade for the high Rydberg states 2/381P  and 2/3110P  
reduces the signal amplitudes for N = 3–5 and increases them for N = 1, 2. 
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